The plant growth-promoting soil bacterium Azospirillum brasilense enhances growth of economically important crops, such as wheat, corn and rice. In order to improve plant growth, a close bacterial association with the plant roots is needed. Genes encoded on a 90-MDa plasmid, denoted pRhico plasmid, present in A. brasilense Sp7, play an important role in plant root interaction. Sequencing, annotation and in silico analysis of this 90-MDa plasmid revealed the presence of a large collection of genes encoding enzymes involved in surface polysaccharide biosynthesis. Analysis of the 90-MDa plasmid genome provided evidence for its essential role in the viability of the bacterial cell.
Introduction
Azospirillum belongs to the group of plant growth-promoting rhizobacteria. It is a Gram-negative nitrogen-¢xing soil bacterium, living in close association with the roots of economically important crops, such as corn, wheat and rice. Azospirillum enhances plant growth by producing plant growth-promoting substances, like auxines. This results in an increased number of lateral roots and root hairs, enlarging the root surface and enabling a higher nutrient and water uptake [1] .
All Azospirillum species possess plasmids, ranging in size from 6 kb to over 300 kb [2] . In all tested Azospirillum brasilense strains, a plasmid of approximately 90 MDa (p90) is present [3, 4] . Previous attempts to cure chemically or genetically the p90 plasmid from A. brasilense Sp7 [5] have failed, indicating the importance of the p90 plasmid for its viability. In closely related soil bacteria like Rhizobium species, essential information for plant interaction is located on their plasmids. Functional analysis of the p90 plasmid of A. brasilense Sp7 revealed the presence of several genes important for root colonization. Two genes, exoB and exoC, on p90 restore exopolysaccharide (EPS) synthesis in Sinorhizobium meliloti exo mutants [6] . Two genes highly homologous to S. meliloti nodPQ nodulation genes [4] are present on p90 with a yet unknown function in A. brasilense. Three identi¢ed loci demonstrated the function of the p90 in bacterial motility and wheat root adsorption. More speci¢cally, two loci (designated Mot1 and Mot2) are involved in functioning or biosynthesis of lateral £agella and the third locus (Mot3) is involved in biosynthesis of lateral and polar £agella [5] . This all suggests a role for the p90 plasmid as a rhizocoenotic plasmid (denoted pRhico), in analogy with the symbiotic plasmids in rhizobia.
Given the importance of the pRhico plasmid for the survival of A. brasilense and its associative interaction with plants, the plasmid was sequenced and annotated. In this paper, we present the in silico analysis of the pRhico (p90) plasmid of A. brasilense Sp7 and its substantial importance in determining the outer surface of Azospirillum. The functions of putative open reading frames (ORFs) identi¢ed on the p90 plasmid are discussed in comparison with the functions of homologous genes in other plant-associated bacteria. Indications about the replication mechanism of the p90 plasmid have already been described [7] . A repA gene was identi¢ed and analysis of upstream and downstream regions of repA revealed the presence of 15-bp repeats, presumably functioning as iterons [8] .
Methods
Glimmer 2.10, trained on a set of 85 known genes of Azospirillum, was used to predict ORFs [9] . Similarity searches were conducted by using BlastX against the NR database at NCBI-GenBank. The predicted proteins were classi¢ed using the COG classi¢cation [10] , with a stringency of Best Hits equal to three. tRNAScan was used to identify potential tRNAs [11] . Paralogous families were determined via blasting of the entire p90 proteome against itself and clustering the genes with TribeMCL [12] , which resulted in hits with expected values less than or equal to 10 310 and an in£ation parameter of 500.
Results

Sequencing of the 90-MDa plasmid
The 90-MDa plasmid was sequenced with a six-fold coverage, using clones from a previously constructed cosmid library [5] . In this way, ¢ve contigs, together constituting 151.3 kb, were obtained, which coincides with approximately 95% of the complete plasmid genome. The localization of each contig with respect to the other contigs is indicated in Fig. 1 . The sequences of each contig are available under GenBank accession numbers AY523972, AY523973, AY523974, AY523975 and AY523976. A mean G+C content of 65.9% was calculated for the plasmid. This is in accordance with the expected high G+C content of the entire Azospirillum genome (66^71 mol%). The general characteristics of the 90-MDa plasmid are presented in Table 1 .
Identi¢cation of putative genes
By using Glimmer 2.10 as gene prediction program [13] and by using BlastX for similarity search [14] , a total of 119 putative protein-coding ORFs were identi¢ed. 50.4% of the 119 predicted ORFs have assigned putative functions, 28.6% have matches to hypothetical proteins and 21% have no database match. An overview of the predicted protein-coding sequences is provided by classifying the putative ORFs into various classes using COG classi¢cation [10] ( Table 2 ). The putative protein-coding sequences with signi¢cant database matches are presented in Table 3 . A genetic map of the p90 genes is given in Fig. 2 .
Paralogous families were identi¢ed via BlastP search against all proteins from the p90 plasmid. This analysis assigned 23% of the genes to eight paralogous families ( Table 4 ). The largest paralogous families are composed of genes belonging to the glycosyl or mannosyl transferase and sugar dehydratase families. Two other families consist of wzt paralogs and a group of hypothetical secreted proteins. The presence of these paralogous families re£ects the importance of the p90 plasmid in polysaccharide biosynthesis. A common feature in bacterial genomes, which is also present in the p90 plasmid, is the integration of prophages and insertion sequence (IS) elements. The presence of prophages and IS elements in a bacterial genome can contribute important biological properties to the bacterial host and may re£ect their importance in the evolution of the host plasmid (for a review on IS elements and prophages, see [15, 16] ). On the p90 plasmid, six putative prophage genes were identi¢ed, two of which encode a portal protein and terminase protein, while four other prophage genes are conserved hypothetical. The two ISs found on the p90 plasmid show homology with two IS elements, ID145 and ID270, respectively encoding a transposase and a DNA invertase in Bradyrhizobium japonicum.
A closer look at the 90-MDa plasmid genome
The largest functional class of genes (27.8%) present on the p90 plasmid is involved in cell envelope biosynthesis and outer membrane constitution ( Table 2 ). As the cell envelope forms the primary defense of the bacterium against stress conditions and antimicrobial molecules, the 
weakly similar to integrase Transcription pRhico035 parB similar to chromosome partitioning protein presence of this relatively large group of genes may explain why it is not possible to cure A. brasilense from its p90 plasmid [5] . Moreover, the suggested role of the p90 plasmid as a rhizocoenotic plasmid in Azospirillum^plant root interaction [5] can be further illustrated when looking in greater detail at some of the genes with an assigned function.
Polysaccharide biosynthesis
Gram-negative bacteria exhibit a complex set of cell surface polysaccharides. They produce not only lipopolysaccharides (LPS) but also capsular polysaccharides, EPS and cyclic L-glucans. A previous study already revealed the presence of two genes, exoB and exoC, on the 90-MDa plasmid, which are involved in the production of high-molecular-mass EPS in Azospirillum and which complement S. meliloti exo mutants [6] . Meanwhile, various studies on rhizobium^legume interactions demonstrated that, depending on the Rhizobium species, mutants defective in the synthesis of EPS or LPS are unable to successfully infect the host plant [17, 18] and/or to form e¡ective nitrogen-¢xing nodules [19] . In Agrobacterium tumefaciens, exo mutants, de¢cient in production of the EPS succinoglycan, failed to produce crown gall tumors and to attach to plant cells [20] , while also LPS was demonstrated to play a role in the adhesion process of the bacterium to the plant cell wall [21, 22] . In other phytopathogens such as Xanthomonas, LPS mutants show reduced virulence [23] , indicating the possible role of LPS as an important determinant in host interactions. Studies on the 120-MDa plasmid in A. brasilense Sp245 revealed the presence of several loci involved in the production of di¡erent surface polysaccharides [24] , in motility and £agellar synthesis [25] .
Thorough in silico analysis of the p90 plasmid of A. brasilense Sp7 reveals the presence of many genes, homologous to genes functioning in cell surface polysaccharide synthesis, assembly and export in other plant associated organisms.
A cluster of four genes, designated rmbADBC, homologous to genes of the dTDP-rhamnose biosynthetic pathway, is present (Jofre ¤, database accession number AF349575 [26] ). Four enzymes homologous to these gene products are known to be required for the conversion of glucose 1-phosphate and dTTP to dTDP-rhamnose or a related NDP-sugar. The sequence homologies suggest that rmbA encodes a glucose 1-phosphate thymidylyltransferase, rmbD a dTDP 4-rhamnose reductase, rmbB a dTDPglucose 4,6-dehydratase and rmbC a dTDP-rhamnose-3,5-epimerase. A similar cluster of genes was found in the plant pathogen Xanthomonas campestris pv. campestris and in the symbiotic rhizobacteria Sinorhizobium sp. NGR234 and S. meliloti [17, 26, 27] . Mutational analysis showed that this rhamnose gene cluster is involved in LPS production in Xanthomonas, while in S. meliloti mutations in this gene cluster blocked synthesis of galactoglucan, an EPS.
O-speci¢c polysaccharides, present in phytopathogenic, symbiotic and associative bacteria such as Pseudomonas syringae [28] , X. campestris pathovars [29, 30] , Sinorhizobium sp. NGR234 [27] and A. brasilense Sp245 [31] , have been shown to contain rhamnose as a commonly occurring constituent.
Four genes, dispersed over the entire p90 plasmid, were found to be homologous to genes involved in methylated GDP-fucose biosynthesis. The biosynthetic pathway from mannose 6-phosphate via GDP-mannose to GDP-fucose in Rhizobium NGR234 [32] is encoded by noeK, noeJ, noeL and nolK, where NoeK is a phosphomannomutase, NoeJ a mannose 1-phosphate guanylyltransferase, NoeL a GDP-mannose 4,6-dehydratase and NolK a GDP-fucose epimerase/reductase [33] , while noeI functions as fucosylspeci¢c 2-O-methyltransferase [34] to obtain methyl-GDPfucose. In Rhizobium sp. NGR234, NoeJ was identi¢ed as an enzyme involved in fucosylation of Nod factors, which play a key role as signal molecules in the root infection and root nodulation process by rhizobia [35] while in X. campestris this protein is involved in polysaccharide biosynthesis [36] . Also in the rhizobial strain R. tropici, NoeJ is likely to be required for LPS biosynthesis as R. tropici Nod factors are non-fucosylated and the O-antigen of the LPS was shown to contain fucose as a sugar element [37] .
A considerable number of p90 genes encode putative glycosyltransferases. Glycosyltransferases catalyze the transfer of a sugar moiety from an activated sugar donor onto a saccharide or non-saccharide acceptor. These enzymes are responsible for the sugar sequence and linkage type in oligo-and polysaccharides and generate an almost in¢nite number of glycoconjugates [38] . Almost one ¢fth of the genes encoded on the p90 plasmid are involved in glycosyl transfer, con¢rming the importance of the p90 plasmid in the production and assembly of polysaccharides.
Two groups of genes homologous to genes involved in the ABC transporter-dependent pathway (wzm and wzt) have been found. So far, three assembly and transport processes for translocation across the plasma membrane are known in bacteria [39] . In the symbiotic rhizobacterium Rhizobium etli CE3, the ABC-2 transporter-dependent pathway has been recently identi¢ed [40] . The absence of an active ABC transporter in R. etli a¡ects the structure of LPS, probably via prevention of the addition of the O-antigenic polysaccharide to the inner core region. Wzt of R. etli shows similarity to NodI from Rhizobium leguminosarum bv. viciae, B. japonicum, S. meliloti and Rhizobium sp. NGR234. NodI proteins have been shown to be implicated in the secretion of Nod factors [41, 42] . They might be implicated in translocation of cell surface polysaccharides across the inner plasma membrane. On the p90 plasmid, a putative secreted calcium-binding protein is present. It is homologous to the NodO proteins of R. leguminosarum bv. viciae [43] and Sinorhizobium sp. BR816 [44] and to ExpE1 in S. meliloti [17] . These proteins have both Ca 2þ -binding and pore-forming activity in lipid bilayers. The p90 NodO homolog contains three copies of the nonapeptide motif (X[I/L]X[A/G]GXGXD), which is proposed to be implicated in Ca 2þ binding [17] . NodO is said to play a role in nodulation signaling either via stimulation of Nod factor uptake or via formation of ion channels [45] . In S. meliloti, expE1 is encoded in a gene cluster involved in EPS synthesis [17] . It is located immediately downstream of an export complex (ExpD1ExpD2), which forms a good candidate system for ExpE1 export.
Flagella synthesis
Besides genes directly involved in polysaccharide biosynthesis, two genes involved in motility and attachment have been identi¢ed. Previous research indicated the presence of a Mot locus (Mot3) involved in the biosynthesis of lateral and polar £agella [5] . Deletion of this region abolished £agellar synthesis and consequently in£uenced bacterial motility and attachment to the plant root. In silico analysis of this region revealed the presence of two genes with strong homology to two £agellin modi¢cation genes of Caulobacter crescentus, £mAB [46] . FlmA and FlmB are respectively homologous to dehydratases and aminotransferases [47] . These enzymes are required in the biosynthesis of modi¢ed sugars with as common feature an acetamido group. In several well-studied bacteria, £agellin glycosylation appears to be an integral part of the proper £agellar expression and the general glycosylation pathway and the £agellin glycosylation pathway appear to be separated [47] . Further experiments on the Azospirillum £agellin modi¢cation genes may provide evidence for the exact function of these two speci¢c genes in the glycosylation system.
Nod genes
As previously demonstrated, two nodPQ genes are present on the p90 plasmid [4] . These genes show homology to nodPQ genes of various plant-associated bacteria. In many Rhizobiaceae, nodPQ homologs function as sulfate-activating complex either for the synthesis of sulfurcontaining amino acids or for the sulfation of Nod factors [48] . However, Azospirillum is not auxotrophic after deletion of the nodPQ genes and it does not produce Nod factors [4] . In S. meliloti it was shown that nodPQ genes are required for sulfation of Nod factors [49] and LPS molecules [50] and in Xanthomonas oryzae pv. oryzae, the NodPQ homologs, RaxP and RaxQ, are used not only in cysteine synthesis but also in sulfation of avirulence e¡ector molecules [51] . This all suggests a highly concerted use of metabolic sulfate donors. The presence of nodPQ homologs in phytopathogenic and symbiotic bacteria indicates a common feature in host speci¢city control [52] .
The exact function of the nodPQ homologs in Azospirillum remains unknown. However, the available genome sequence of the p90 plasmid provides an indication of the possible function, as the nodPQ genes are encoded within a region carrying genes involved in polysaccharide biosynthesis. The existence of a new functional group for nodPQ homologs is supported by a recent study, which illustrates that the nodPQ genes of A. brasilense and Bradyrhizobium elkanii constitute a cluster, phylogenetically separated from nodPQ homologs in other bacterial organisms [53] .
Discussion
Sequencing of the 90-MDa plasmid of A. brasilense Sp7 revealed the presence of 119 protein-coding regions. The majority of these ORFs are involved in cell surface composition, suggesting an essential cellular function for the p90 plasmid for the survival of the bacterial cell. A large group of p90 genes are involved in synthesis, assembly or export of cell surface polysaccharides. The high density of genes involved in polysaccharide biosynthesis on one particular plasmid is remarkable but not exceptional. The pSymB megaplasmid from S. meliloti [54] , for instance, has over 12% of its pSymB genes dedicated to polysaccharide biosynthesis.
Previous studies on rhizobial surface polysaccharides indicated their importance in the establishment of a highly speci¢c rhizobium^legume symbiosis. Also in Azospirillum, polysaccharides present on the surface of the bacterial cell are said to play a role in Azospirillum^plant root interaction. It was previously shown that surface polysaccharides are involved in ¢rm anchoring of Azospirillum to the root surface [55] , or in invasion and further proliferation in the root [56] . The presence of a high number of genes on the p90 plasmid, homologous to genes implicated in polysaccharide biosynthesis and genes functioning in bacteriumĥ ost plant interaction, indicates a major role for the p90 plasmid in Azospirillum^plant root interaction.
